Uncovering the Dominant Scatterer in Graphene Sheets on Si0 2 
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We have measured the impact of atomic hydrogen adsorption on the electronic transport proper- 
ties of graphene sheets as a function of hydrogen coverage and initial, pre-hydrogenation field-effect 
mobility Our results are compatible with hydrogen adsorbates inducing intervalley mixing by ex- 
erting a short-range scattering potential. The saturation coverages for different devices are found to 
be proportional to their initial mobility, indicating that the number of native scatterers is propor- 
tional to the saturation coverage of hydrogen. By extrapolating this proportionality, we show that 
the field-effect mobility can reach 1.5 x 10 4 cm 2 /V sec in the absence of the hydrogen-adsorbing 
sites. This affinity to hydrogen is the signature of the most dominant type of native scatterers in 
graphene-based field-effect transistors on SiCb- 



Freely suspended graphene sheets display high field- 
effect mobility, reaching 2 x 10 5 cm 2 /V sec. 1 2 High mo- 
bilities allows for a wider utilization of graphene sheets 
in testing relativistic quantum mechanics, exploring two- 
dimensional physics, and creating new electronic, op- 
toelectronic, and spintronic device technologies Yet, 
suspended graphene sheets are fragile and impractical 
for most experiments and applications. Substrate-bound 
graphene sheets are easier to handle but possess low car- 
rier mobilities, which can even vary by an order of mag- 
nitude from sample to sample. Poor and unpredictable 
transport properties reduce the utility of substrate-bound 
graphene sheets for both fundamental and applied sci- 
ences. Therefore, understanding the impact of substrates 
is crucial for graphene science and technology. 

Charged impurities ripples and resonant 
scatterers^OSI have been considered for modeling 
the transport property of graphene field-effect tran- 
sistors (FETs). Previous experimental studies have 
explored the impact of charged impurities^ and res- 
onant scatterers^tt^ by using adsorbed impurities or 
creating vacancies on graphene sheets. Yet, these studies 
revealed only the impact of adsorbates or vacancies and 
did not shed information on the nature of the native 
scatterers already present in the samples. Furthermore, 
experiments using different dielectric environments have 
provided contradictory results on the role and impor- 
tance of charged impurities! 18 * 19 ^ Thus, there are no 
conclusive experimental results revealing the nature of 
the native scatterers that limit the transport properties 
of graphene on SiC>2. 

We have measured the impact of low-energy atomic 
hydrogen on the transport properties of graphene as a 
function of coverage and the initial field-effect mobility. 
Our transport and Raman spectroscopy measurements 
show that hydrogen exerts a short-range scattering po- 
tential which introduces intervalley scattering. Hydro- 
gen transfers a small but finite amount of charge, as in- 
dicated by the gate-dependent transport measurements. 
The resistivity added by hydrogen remains proportional 
to the number of adsorbed hydrogen and, therefore, ad- 



heres to Matthiessen's rule even at the highest coverage. 
This shows that adsorbed hydrogen remains rather dilute 
and does not interfere with other pre-existing scattering 
mechanisms. The added resistivity at high carrier den- 
sities varies approximately as n 5 , where n is the carrier 
density and S ~ —1.5. Importantly, the saturation cov- 
erage of atomic hydrogen is found to be proportional to 
the inverse initial mobility and, therefore, to the number 
of pre-existing scattering sites. Finally, our results show 
that the reactivity to atomic hydrogen is a characteristic 
manifestation of the most dominant scatterer in graphene 
sheets on Si02- 

The graphene FETs in our measurements are prepared 
using the conventional method. 40 Transport properties 
are measured using the four-probe method.^ The ini- 
tial, pre-hydrogenation mobility ranged from 1900 to 
8300 cm 2 /V sec for different graphene devices. Each de- 
vice is hydrogenated at constant temperature between 
11 ~ 20 K! 4 ^ We use a commercial atomic hydrogen 
cracker, EFM H from Omicron GmBH, which utilizes 
a tungsten capillary heated to 2500 K by an electron 
beam. The cracker also generates high energy ions which 
are steered away from graphene using an electric deflec- 
tor. The dosage rate of atomic hydrogen 43 is maintained 
constant throughout the measurements using a variable 
leak valve. The total dosage or accumulated areal dose 
density can be very different from the actual hydrogen 
coverage depending on the sticking coefficient. Trans- 
port properties are measured at increasing dosages. 

Figure [I] shows the impact of atomic hydrogen adsorp- 
tion on the conductivity of graphene sheets. The changes 
induced by hydrogen adsorption saturate above a certain 
dosage. These changes are: (i) a shift in the gate volt- 
age at which the conductivity is minimal (V m i n ), (ii) an 
increase in the intensity of the D peak in the Raman 
spectra, (iii) a monotonic decrease of the conductivity 
minimum, and (iv) an additional gate-dependent resis- 
tivity which varies as \V g — V m i n \ 6 where S ~ —1.5 at 
large | V g — V m i n | . The gate dependence of the conductiv- 
ity becomes superlinear at high dosage levels as a result 
of this exponent. Below, we discuss each change in more 
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FIG. 1: (a,b) Impact of atomic hydrogen on the transport 
properties of graphene sheets (samples A and B) for increas- 
ing areal dosage density. Sample A was measured at 12 K and 
B at 20 K. The areal densities, the number of impinging hy- 
drogen (which may not be necessarily adsorbed on graphene) , 
are (a) purple: clean (zero), black: 1 x 10 15 /cm 2 , red: 1.6 x 
10 15 /cm 2 , green: 4x 10 15 /cm 2 , blue: 5.4 x 10 15 /cm 2 , and (b) 
black: clean (zero), red: 1.4 x 10 14 /cm 2 , blue: 2.8 x 10 14 /cm 2 , 
brown: 5.6 x 10 14 /cm 2 , and silver: 8.5 x 10 14 /cm 2 . 



shows Raman spectra acquired at room temperature in 
air both before hydrogen dosing and after achieving sat- 
uration at low temperature. The intensity of the D peak 
in the Raman spectrum is larger upon adsorbing hydro- 
gen. The relative intensity of the D peak to the G peak, 
Id/Ig, which can be used to estimate the adsorbed hy- 
drogen density,™^ 0.0034±0.0021 and 0.0182±0.0056 
before and after hydrogen adsorption, respectively!^ The 
small values observed for this D-G ratio even at satura- 
tion are likely due to the small desorption barrier for 
hydrogen, as discussed below. Figure [2}d shows that 
the minimum conductivity decreases monotonically as a 
function of hydrogen dosage. The minimum conductivity 
at saturation ranges from 0.52 to 5.1 e 2 /h for different 
devices. Since long-range scatterers have been found to 
vary the minimum conductivity non-monotonically and 
not below 4 e 2 //ij^23 our transport measurements are 
also consistent with hydrogen exerting a short-range scat- 
tering potential. 



detail. 

A finite charge is donated to graphene by the adsorbed 
hydrogen, as indicated by the shift of V m { n upon hydro- 
genation. The observed sign of the charge transfer from 
atomic hydrogen to carbon is consistent with a previous 
experiment!^ and theoretical calculations pH^U but differ- 
ent from hydrogenation studies usin g atomic hydrogen 
derived from a hydrogen plasmaP^^ It is not possible to 
determine the amount of charge transferred per adsorbed 
hydrogen directly from our experiment, as the sticking 
coefficient of hyd rogen on graphene is unknown. Previ- 
ous experiment J 16 * 17 *^ do not agree on the amount of 
charge transfer from hydrogen. Theoretical studies show 
0.076 to 0.161 e^or 0.16 to 0.25 donated per hy- 
drogen (e denotes the electron charge), depending on the 
degree of allowed lattice relaxation^ or the position of 
hydrogen. 21 Below, these calculated values are used to 
estimate the saturation coverage of hydrogen. 
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FIG. 2: (a) Raman spectra acquired for sample A before and 
after hydrogenation. The observed intensity has been nor- 
malized to the peak height of the G-band. (b) Minimum 
conductivity as a function of increasing dosage in sample A. 

Raman spectroscopy and the impact of atomic hydro- 
gen on the minimum conductivity reveal that atomic hy- 
drogen introduces intervalley scattering and, therefore, 
exerts a short-range scattering potential.^ Figure 
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FIG. 3: (a) Resistivity added by hydrogen as a function of 
V g — Vmin at different areal dosage density, (b) Gate depen- 
dence of the added resistivity as a function of V g — Vmin at the 
areal dosage density of5.4xl0 15 H/cm 2 . The green line indi- 
cates the slope for an exponent of -1.5. (c) Added resistivity 
as a function of V g — Vmin at different areal dosage normalized 



to Khift- [(a)- (c) for sample A] (d) Same as in (c) 
sample B. 
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Figure [3^i shows the added resistivity due to atomic hy- 
drogen at different dosage levels as a function of V g — V m i n . 
The impact of atomic hydrogen is nearly electron-hole 
symmetric and the added resistivity varies approximately 
as \V g — Vmin | - 1,5 a t large \V g — V m { n \ for all samples, 
as shown in Fig. ^jp. The resistivity exponent differs 
from the -1 value expected for Coulomb impuritie d 6 * 13 * 
and the electron-hole symmetry is consistent with a res- 
onant scatterer positioned very close to the Fermi level 
(i.e. a mid-gap resonant state) The observed expo- 
nent also agrees with calculated exponents for resonant 
scatterers with a finite on-site amplitude^ as well as for 
Gaussian-correlated scatterers POH&D As shown in Fig. [3^, 
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we find that the curves of added resistivity versus gate 
voltage for successive dosage levels collapse on top of 
each other when divided by the induced shift in V m [ n , 
Vshift? indicating that the added resistivity at different 
dosage levels is proportional to V^hift- Therefore, the 
number of adsorbed hydrogen atoms is directly propor- 
tional to tshift- For long-range scatterers such as potas- 
sium adsorbatesj^ Vghift does not vary linearly with the 
number of adsorbates. Such non-linearity has been at- 
tributed to incomplete screening of the potential imposed 
by potassium on graphene. 6 Therefore, we conclude that 
the excess charge of adsorbed atomic hydrogen is effec- 
tively screened by graphene. All samples we have mea- 
sured show a similar behavior (for instance, see Fig. [3]d 
for sample B). Deviations from the observed normaliza- 
tion by V^hift are found only at low dosages and can 
be attributed to uncertainty in determining V m [ n at low 
dosage. The observed normalization also shows that the 
scattering cross section of hydrogen does not vary ap- 
preciably even at higher dosage levels and that hydrogen 
does not modify other scattering mechanisms. Therefore, 
the added resistivity by hydrogen follows Matthiessen's 

rule, -Rtotal = -^adsorbates H~ -^substrate H~ -^graphene? where 

^adsorbates and i^ sub strate are due to scattering by adsor- 
bates and the substrate, respectively, and i? gr aphene is the 
intrinsic resistance of the graphene sheet. 
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FIG. 4: (a) V^hift as a function of the increasing areal dosage 
density for sample A. (b) Initial maximum electron and hole 
mobility as a function of the saturation voltage shift, V S at, for 
different samples. 

Figure [4^i shows F s hift 7 which is proportional to the 
number of adsorbed hydrogen, as a function of the accu- 
mulated hydrogen dosage. The behavior is well described 
by a saturating exponential function, with a saturation 
voltage denoted V sa t- A wide range of V sa t is observed 
for different samples, from 7.34 to 43.4 volts. The max- 
imum shift of 43.4 volts implies that the observed max- 
imum coverage of hydrogen is 0.012 assuming the pre- 
dicted charge transferal of 0.076 e per adsorbed hydro- 
gen. We find no correlation between experimental tem- 
peratures and saturation voltages. Figure^ shows that 
the saturation coverage for different samples is inversely 
proportional to their initial maximum electron and hole 
field-effect mobility. 46 Since the inverse mobility is pro- 
portional to the number of scatterers, our data show that 
the number of native scatterers is proportional to the 
number of possible adsorption sites for hydrogen. By ex- 



trapolation to the limit where these sites are absent, we 
obtain a mobility of (1.5 ±0.3) x 10 4 cm 2 /V sec, as deter- 
mined by a linear fit. This extrapolated mobility value is 
still an order of magnitude lower than the field-effect mo- 
bility measured for suspended graphene sheets, 1 2 show- 
ing that there are still other, less important, scatterers 
reducing the mobility of graphene on Si02- Interestingly, 
the extrapolated value is similar to the maxim um mobil- 
ity observed on Si02 in previous studies^EII suggesting 
that the reactivity to hydrogen is the signature of the 
most dominant type of native scatterers for all graphene 
devices on Si02- 
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FIG. 5: Vshift at increasing temperature for sample C after 
reaching saturation coverage by atomic hydrogen at 11 K. 
Data acquired at a warming rate of 0.45 to 6 K/min. Red 
point indicates Kshift when the warmed hydrogenated device 
is cooled down again from 300 K. 

Khift induced by the adsorbed hydrogen is reduced 
as the temperature is raised, as shown in Fig. [5] The 
value of Khift remains constant when warmed samples 
are again cooled, indicating that the observed reduction 
in V^hift is due to the desorption of hydrogen. This tem- 
perature dependence indicates that the desorption energy 
of adsorbed hydrogen on graphene is much smaller than 
the previously reported values of approximately 1 eV on 
graphite! 3 - 2 ^ A small desorption energy explains the small 
D peak observed in the Raman spectra of the hydrogen- 
dosed samples acquired at room temperature and sug- 
gests that atomic hydrogen is not forming a fully relaxed 
covalent bond to carbon. Furthermore, we also know that 
the maximum thermal energy of impinging atomic hydro- 
gen barely exceeds the barrier of 0.21 eV calculated for 
the attachment of atomic hydrogen to planer graphite.^ 
Therefore, atomic hydrogen is binding only to unusual, 
chemically- activated sites, which do not relax to a full 
sp 3 configuration upon adsorbing hydrogen. 

It is possible that the reactivity of graphene sheets 
is enhanced by adding curvature or changing the Fermi 
level. Wrinkle^ 34 * 35 1 and rippled can perturb the sp 2 
bonds, generating chemically-activated sites for hydro- 
gen. Charge puddles 6 may also increase the reactivity 
of graphene sheets. However, the data presented in this 
paper cannot determine the sites with affinity to atomic 
hydrogen in graphene on Si02- Atomically-resolved mi- 
croscopy on hydrogenated graphene devices can reveal 
the exact mechanism for the enhancement of the re- 
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activity, correlated to the most dominant scatterer in 
graphene on Si02- These studies are being presently car- 
ried out. 

In conclusion, we used atomic hydrogen to probe the 
nature of native scatterer s in graphene. Hydrogen ex- 
erts short-range scattering potential in graphene, as in- 
dicated by Raman spectroscopy and the impact on the 
minimum conductivity. Charge is transferred from hy- 
drogen to carbon and the Coulomb potential created by 
the induced charge on hydrogen is effectively screened 
by carriers in graphene. The adherence of the added 
resistivity to Matthiessen's rule also shows that: (1) ad- 
sorbates do not influence the resistivity caused by other 
factors (such as lattice defects, phonons, etc.) and (2) 
the number of adsorbed hydrogen, n#, is proportional to 
Vlshift • Finally, the number of hydrogen adsorption sites is 
found to correspond to the number of native scatterers; 



in the absence of these scatterers, the carrier mobility 
of graphene sheets will reach 1.5 x 10 4 cm 2 /V sec. The 
scatterers uncovered in this study dominate the trans- 
port properties of graphene-based FETs on Si02 and the 
affinity to atomic hydrogen is the hallmark of these scat- 
terers. Our results provide an important insight into the 
nature of the scatterers which limit mobility of graphene 
sheets on substrates. 
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